Introduction
In recent years, methodologies underpinning the development of disease surveillance programmes have advanced considerably. The advent of modern computing has allowed the calculation of sample sizes to estimate prevalence or presence of disease to become considerably more sophisticated, so that test characteristics and clustering of animals can be taken into account (Cameron and Baldock, 1998a,b) ; however, these parameters are rarely used. The application of scenario tree modelling allowed surveillance information to be discounted over time and complex, unstructured data sources (e.g. observations by farmers) used in assessing the sensitivity of a surveillance system (Martin et al., 2007; Martin, 2008) . Risk methods have been used to support aquatic animal health management, specifically pathogen hazards associated with international trade in animals and products (Peeler et al., 2007) . More recently, the principles of risk assessment have been applied to surveillance (St€ ark et al., 2006) . The underpinning principle of risk-based surveillance (RBS) is that resources should be focused on regions, farms or animals that are at highest risk of infection, resulting in more efficient use of resources. RBS has been successfully implemented for a number of terrestrial animal diseases (reviewed by Oidtmann et al. (2013) ). Under the European Union Council Directive 2006/88/EC (Anon, 2006) , RBS must be applied to shellfish farms or farming areas and to this end requires that farms or areas must be categorized as low, medium or high risk for disease introduction and spread.
Shellfish production is an important economic activity in many European countries. Pathogens cause significant loss of production and a number of diseases of molluscs (both exotic and non-exotic) are listed in EU legislation. Oyster production has been particularly badly affected by rapidly spreading disease epidemics. Bonamia ostreae played an important role in the severe decline of the native oyster (Ostrea edulis) across Europe (Hudson and Hill, 1991) . Similarly, in the late 1960s and early 1970s, the Portuguese oyster (Crassostrea angulata) almost disappeared from European Atlantic waters, while irido-like virus infections were concomitantly described (Comps et al., 1976; Renault, 2008) . More recently, a new strain of oyster herpesvirus (OsHV-1) has resulted in significant declines in European Pacific oyster (Crassostrea gigas) production (Segarra et al., 2010) . Early detection of new and introduced diseases can significantly reduce the size of the epidemic and thus mitigate production losses. A rapid response is an essential component of effective disease management, and thus, improved surveillance has an important role of play.
In this study, we present a method to risk rank shellfish farming areas based on the risk of disease introduction and spread and demonstrate how the approach was applied in England and Wales to prioritize statutory inspection activities. Whereas most finfish farms may be considered as single epidemiological units, and appropriate data exists to create a risk ranking model for these at the farm level (Oidtmann et al., 2011) , most shellfish farms are completely open to the marine environment, so their assessment requires the consideration of risk factors in a wider geographic area. In England and Wales, 45 shellfish production areas are currently recognized for monitoring and control purposes (Fig. 1) . These may be appropriately used for the application of biosecurity assessment and risk ranking of the shellfish farms contained within them at the group level. The main species farmed are blue mussels and Pacific oysters, with production in 2011 of 11 497 t and 453 t, respectively (Reese, 2013) .
A method for risk ranking freshwater finfish farms has been published (Oidtmann et al., 2011) and was used as the starting point for the development of a shellfish farming area model. As the key driver for RBS is to improve the efficiency of surveillance, it was decided to use existing data to rank farms and thus avoid costs associated with new data collection. A generic approach, which is not disease specific, is outlined and applied to rank shellfish farming areas in England and Wales.
Materials and methods

Model development and data collection
Routes of pathogen spread between shellfish farming areas were identified in discussions with colleagues informed by knowledge of the relevant peer-reviewed literature and previous work (Oidtmann et al., 2011) . Four risk themes were developed: (i) live animal movement; (ii) transmission via water; (iii) short distance mechanical spread (birds); and (iv) long distance mechanical spread (vessels), see Table 1 . Data sources relevant to these themes were identified and collated.
Information on shellfish farming activities and management practices was provided by the Cefas Live Fish Movements database (LFMD 1 ) which contains all data collected by the Cefas Fish Health Inspectorate during routine statutory farm visits. Specifically, the following farm-level information was extracted from the database using SQL reports: (a) Locations of (i) shellfish farms in England and Wales currently authorized for stocking mollusc species susceptible to diseases listed in Council Directive 2006/88/EC (Pacific oyster, native (European) oyster and blue mussel) and (ii) currently authorized mollusc depuration centres, (b) Import and export data (number of movements from/ to unique sources/destinations) for susceptible shellfish and domestic live animal movement data for shellfish farm and depuration centres for 2010.
Other data relevant to important risk pathways for the introduction and spread of disease (including anthropogenic commercial and recreational activities, and wildlife) were obtained from sources detailed in Table 2 . A GIS was created to determine the proximity of hazards to shellfish farming areas (ArcMap V9.3; ESRI Corp. Redlands, CA, USA), and 2-km boundaries were created around shellfish area polygon features to inform this process. Minimum distances, via sea, between farming areas were determined using the ArcMap distance tool. All data were aggregated at the shellfish production area level for analysis.
2
Model structure A spreadsheet model was developed to determine quantitative scores for the risk of pathogen introduction and risk of pathogen spread for each shellfish production area. These scores were used to rank areas for risk of introduction and spread independently. Thresholds were set to establish risk categories (low, medium, high) for introduction and spread based on risk scores. Risk categories for introduction and spread for each area were combined to provide overall risk categories to inform a risk-based surveillance programme directed at the area level (see Assigning risk categories).
The available data largely determined the choice of risk pathways (parameters) within each risk theme (Table 1) . Parameter scores for each of the 10 pathways were derived by various means depending on the type for data (e.g. frequency, probability, density -see Calculating parameter scores). Categories were assigned or transformations applied as necessary to translate variation into distributions applicable for scoring. The transformed distributions better represent that spread of scores and reduced the leverage of outlying data points. The model allows weights to be applied both to individual parameters and to themes for introduction and spread to reflect their relative importance. The weights used in this study (Table 1) were arrived at after consultation with colleagues in the Fish Health Inspectorate involved in the investigation and control of listed shellfish pathogens.
Parameter scores were combined into theme scores and theme scores into overall risk scores for introduction and spread. Parameter, theme and overall risk scores were standardized to range from 0 to 1 to provide a comparable scale at all levels of the model (see Calculating risk scores).
All model calculations and outputs were achieved using Microsoft Excel 2007, based on user inputs (i.e. data collected and weights agreed by experts). Each shellfish area occupied one row. Parameter inputs, data transformations and calculated scores were contained in columns, and a linked table was created for input of parameter and theme weights. The visualization of results (i.e. a scatter plot of pair-wise final risk scores for introduction and spread) and setting of risk category thresholds was facilitated by a bespoke graphic form (using Visual Basic for Applications, VBA). A demonstration file is available from the authors on request. 
Calculating parameter scores
Live animal movement The risk of introduction to and spread from shellfish production areas through the movement of live animals was assessed quantitatively by directly estimating and aggregating the probability of pathogen transfer between individual source and receiving sites based on the number of consignments moved [all species susceptible to listed diseases of all ages for aquaculture and human consumption (i.e. movements to depuration centres)] (see Oidtmann et al. (2011) for background information). Three parameters (routes of transmission) were included: (i) imports and (ii) domestic movements of animals into areas were assessed separately (for risk of introduction) and (iii) combined aquaculture movements (domestic movements and exports) out of areas (for risk of spread). The probability that pathogen is transmitted to a new location (P) by n consignments from each of s source sites was calculated as:
where the probability that pathogen is introduced by a single consignment (px) was calculated as:
and: p1 = probability that introduction of a single consignment from infected source results in pathogen transmission, p2 = probability that a source site becomes infected over a period of 1 year, w = duration (in weeks) before detection of pathogen and application of disease controls (i.e. halting of live animal movements by the Competent Authority).
p1 and w were assumed to be 0.75 and 12, respectively, for all three transmission routes, p2 was set to 0.002 for movements with UK source sites and 0.05 for shellfish imports to the UK.
Transmission via water
A simple exponential decay curve was used to assess the risk of pathogen dispersal between shellfish growing areas through seawater based on distance (km):
Distance risk ranged from 1 at a distance of zero, decreasing asymptotically towards zero with values of 0.67, 0.13 and 0.02 at 1, 5 and 10 km, respectively. The minimum and maximum distances were 0 and 340 km; the mean and median were 24.7 and 11 km, respectively.
The presence of two additional hazards within 2 km of shellfish production areas was included in the assessment of risk of introduction of disease via water: (i) number of shellfish depuration centres; (ii) number of shellfish markets and holding facilities. The majority of areas had no depuration centres or markets (or holding facilities) within 2 km.
Short distance mechanical spread (birds)
Four publicly available data sets were used to provide a single estimate of the density of bird populations in and around shellfish production areas (combined bird parameters, Table 1 ). The locations of Royal Society for the Protection of Birds (RSPB) seabird nesting sites provided the most abundant and quantitative information, so the total number of nesting sites within 2 km of each shellfish area was used as an initial risk estimate for disease transmission via birds. These scores were increased by one for shellfish areas that were within 2 km of either one of the following: 
Long distance mechanical spread (vessels)
The risk of pathogen introduction and spread to/from shellfish areas by long distance mechanical spread by vessels (e.g. through the direct transfer of animals attached to hulls or the release of ballast water) was based on three transmission routes: (i) recreational boating/sailing activity (total number of marinas within 2 km), (ii) commercial fishing and (iii) commercial freight operations.
Most areas (23) had no marinas within 2 km. The mean and median number of fishing vessels arriving into ports within 2 km were 31 and 14, respectively (ranging from 0 to 212). The mean and median tonnes of freight arriving and leaving per year into ports within 2 km of the shellfish farming area were 4530 and 0, respectively (ranging from 0 to 61 897). They represent the spread of scores and reduced leverage by outlying values scores were calculated as follows: (i) number of marinas within 2 km 11 categories: 0-9 and ≥10); (ii) commercial fishing: ÀLog 10 total number of fishing vessels arriving into ports within 2 km) and (iii) commercial freight operations [Log 10 total freight arriving and departing ports within 2 km (k tonnes)].
Calculating risk scores
Scores for each area were standardized and weighted for n = 9 and six parameters (Psw) for introduction and spread, respectively (Table 1) :
Adjusted parameter scores (i between 1 and 3) were aggregated within n = 4 themes,
Resulting theme scores were standardized and weighted (Tsw) for introduction and spread, respectively, for each area (Table 1) :
Tsw n ¼ theme score n maximum theme score n Â theme weight n ð6Þ
Final risk scores for introduction and spread were calculated as the sum of the four adjusted theme scores:
Final risk scores (Rsw) were standardized:
Rsw ¼ risk score maximum risk score ð8Þ
Assigning risk categories
Pair-wise adjusted final risk scores for introduction and spread for each area were projected as a 2-dimensional scatter plot (Fig. 2) . Threshold values were fitted based on observed clustering in the data to create risk categories (low, medium, high). Resulting risk categories for introduction and spread were combined to provide an overall risk category for each farming area using the matrix recommended in Commission Decision 2008/896/EC on guidelines for the purpose of risk-based surveillance schemes provided for in Council Directive 2006/88/EC (Table 3) .
CASE STUDY -ranking shellfish farming areas in England and Wales
General Each risk pathway for every shellfish farming area in England and Wales was scored using the data which had been collated. The distribution of risk estimates predicted by the model was highly left skewed for both introduction and spread of pathogen (Fig. 2) . Thresholds for risk categories at 0.1 (medium risk) and 0.25 (high risk) on both scales were based on the clustering of scores (Fig. 2) . In each assessment, approximately 88% of areas scored <0.25 and 65% <0.1 compared to the area at highest risk (1.0). Only, two shellfish areas were assessed as high risk for both introduction and spread of pathogen. Applying the combined risk category designation framework for risk of introduction and spread suggests by EC guidance for risk-based surveillance; four, ten and 31 areas were classified as high, medium and low risk, respectively. See supplementary information (Appendices 1 and 2) for detailed parameter results by shellfish area.
Discussion
The purpose of this work was to provide a tool to risk rank shellfish farms for the introduction and spread of exotic pathogens, thereby enable the Cefas Fish Health Inspectorate to fulfil its obligation under EC directive 2006/88/EC to establish a risk-based surveillance programme for notifiable shellfish diseases in England and Wales. A risk-based approach ensures that surveillance resources are focused on farm categories, animal types and geographic areas where the likelihood of infection is greatest, so that the sensitivity of the system (i.e. the capacity to identify disease) is optimized for a specified resource input (Oidtmann et al., 2013) . Therefore, it is also important that a risk-based system does not become a burden to maintain. Crucially, it should not cost more to implement and maintain than the resources it saves (e.g. in reduced inspection visits). Data collection has been shown to be time-consuming and expensive (Oidtmann et al., 2013 (Oidtmann et al., , 2014b . Consequently, this work aimed to provide a robust model based on existing data and focused on a small number of key risk routes that could be assessed objectively. RBS has been applied to terrestrial animal diseases including trichinella in pig populations (Alban et al., 2008) , enzootic bovine leucosis and brucellosis in cattle (Hadorn et al., 2002) Martin et al., 2011) . The same approach has also been used in the assessment food safety (St€ ark et al., 2006) . In aquaculture, a model has been proposed to support RBS for viral haemorrhagic septicaemia in freshwater fish farms by Oidtmann et al. (2011) . In this model risk, pathways were grouped into themes and this has subsequently been used as a platform to further develop risk ranking models for a range of finfish pathogens, utilizing weights for parameter and theme inputs reflecting differences in exposure to important risk pathways, informed by expert opinion (Oidtmann et al., 2014a) . The Cefas Fish Health Inspectorate has also adopted this approach to implement a generic disease risk ranking scheme for freshwater fish farms in England and Wales.
Shellfish farms are open to the marine environment making the application of biosecurity assessment and risk ranking at the level of the farming area (not the individual site) appropriate. In this study, scores for introduction and spread allowed 45 epidemiologically distinct shellfish production areas recognized for monitoring and control purposes to be ranked based on the likelihood of disease introduction and spread. With this in mind, some data sets were transformed (e.g. log 10 ) or categorized to optimize distributions for scoring (and specifically to mitigate excessive leverage exerted by outlying values). Risk scores were standardized (between 0 and 1) at each level of the model (parameter, theme, overall) to provide comparable values between themes. These scores do not represent an absolute measure of risk, but provide a transparent and defensible methodology for ranking shellfish farming areas and thus the assignment of three risk categories, which is required for a risk-based surveillance programme. By design, the routes considered were not exhaustive; however, a number of other potentially important routes for transmission of disease in shellfish aquaculture (discussed in following sections) could be considered for inclusion in the model, provided that reliable data can be collected objectively and the cost is justified by improvements in the accuracy of the model outputs. To implement disease surveillance, decisions have to be made about which sites to visit within a production area. Site-level data collected for the area assessment could be used to support this decision-making and complete the design of a surveillance programme; however, in most areas the number of sites is low and the inspector's local knowledge of the farms may be sufficient for this purpose.
Movements of live susceptible animals include the most important risk routes for the transmission of infectious disease (Peeler et al., 2004) , and this is reflected by the high weighting attributed to this theme for introduction and spread in this model (0.7) and for others (Murray et al., 2012; Oidtmann et al., 2014a) . Within this theme, imports from overseas receive a higher weight than the movement of domestic live animal consignments into farm sites (0.9 and 0.1, respectively) to account for the comparative difference in the risk of the introduction of diseases considered to be exotic to the UK from these sources. The risk of spread from an infected farm is independent of consignment destination, and thus, exports and domestic movements are combined for assessment. Other routes of live animal movement exist that were not included in the current model. Movements of farmed stocks of species that are not susceptible to listed diseases (e.g. Manila clam (Ruditapes philippinarum), hard clam (Mercenaria mercenaria) and cockle (Cerastoderma edule) may also result in the co-transport of susceptible infected hosts, that is act as 'mechanical vectors' as defined in EU legislation (2008/1251/EC) (these data are available on the LFMD). The presence of early juvenile stages, which can easily be transported by accident, may constitute an additional hazard for shellfish in some circumstances. Mussel dredging is an important component of the UK shellfish industry: mussel seed (spat) is dredged from the seabed where it has settled in high abundance and then re-laid into growing sites where carrying capacity is optimal. In practice, mixed species may be transferred by this activity. Large dredgers may operate in multiple shellfish production areas in the UK and possibly abroad. Information on dredging activity in the Thames estuary has been investigated (E. J. Peeler, M. A. Thrush, M. J. Gubbins, unpublished data), but the wider extent of vessel operations is not known.
The direct transmission of pathogens by the movement of water is an important route of spread of OsHV-1 (Schikorski et al., 2011), and Paul-Pont et al. (2013) proposed that this virus may be carried long distances through the water attached to plankton. The proximity of other authorized shellfish business operations was included in the risk of introduction by assessing the distance to the nearest other shellfish farming area and the presence of shellfish depuration units. Large fish markets and aquatic holding facilities were also included in the introduction assessment, as they provide hubs for imported and traded live and dead stock and shellfish products from multiple origins. These may expose susceptible animals in close proximity to water-borne transmission routes including processing waste. The distance to other shellfish growing areas is the only valid measure for the assessment of spread of disease from a shellfish farming area. At present, no information is nationally available to approximate the influence of prevailing currents on the directional movement of pathogens over long distances (i.e. >2 km). The assessment of water transmission parameters was therefore restricted to direction independent estimations of risk, that is an exponential decay relationship and the frequency of hazards within a specific boundary (2 km). However, regional hydrodynamic models, or local knowledge, could be used to assist in the characterization of risks posed by neighbouring aquaculture sites within farming areas (Murray et al., 2005; Amundrud and Murray, 2009 ). In the future, larger scale hydrodynamic models may allow direction of currents to be used to more accurately assess risk of spread by water between farming areas.
The direct transfer of pathogens on fomites (i.e. mechanical transmission) is a risk factor for the spread of fish diseases including infectious haematopoietic necrosis (IHN) and infectious salmon anaemia (ISA) (Hattenberger-Baudouy et al., 1988; Jarp and Karlsen, 1997) . In finfish aquaculture, these routes are generally considered to be of much lower risk compared to live animal movements and transfer via water. We considered the risks posed by mechanical routes to be equivalent for introduction and spread of pathogens. Mechanical transmission routes were split into two themes (short distance and long distance) segregating anthropogenic activities from those of wildlife. Mechanical transmission can occur due to farming activities, for example the movement of farming equipment, including bags and trestles between farming areas [which was implicated as a potential route for an outbreak of OsHV-1 in the Thames estuary, England in 2010 (Cefas, unpublished data)]. Pathogens may also be transferred by employees working between different farm sites or in related industries (e.g. processing) . No data are currently available to assess these routes for shellfish farms in England and Wales, but could be collected by fish health inspectors during site visits. The movement of boats servicing farm facilities and operating in different areas is also an important factor [Murray et al. (2002) identified a very strong link between well-boat activity and the spread of infectious salmon anaemia in Scotland]. Pathogens may be mechanically introduced into a shellfish area by non-aquaculture anthropogenic activities. Routes captured by the model include boats and shipping (recreational, freight and fishing vessels). Shipping may introduce pathogens either through the discharge of ballast water containing free-living pathogens or via the biofouling of ships' hulls with infected shellfish. It has been proposed that Bonamia ostreae may have spread through ballast water (Bishop et al., 2006) or the biofouling of hulls (Howard, 1994) and was identified as a risk route in an the investigation of an outbreak the Bonamia exitiosa in the Fal estuary, England in 2011 (E.J. Peeler, unpublished report) . Both the casual harvesting of shellfish (e.g. cockles) for local retail outlets and larger scale hand gathering in regulated fisheries for sale to processors may potentially spread pathogens. The latter, which constitutes a substantial industry for which there are no records, can involve gangs of highly mobile people (often organized by processing companies) and the transport of large quantities of collected shellfish. The processing of these shellfish is also of concern, as stock may be obtained from a wide geographical area and biosecurity is not a high priority.
Birds feeding on and around aquaculture equipment may mechanically transport pathogens between shellfish farming areas on their feet and feathers. Information provided by a range of publicly available data sets was combined to collectively provide a proxy for bird presence in and around shellfish areas for risk assessment for the model. The activity of scavenging birds at fish markets and processors may also expose susceptible stocks in close proximity to pathogens through mechanical routes (and potentially water-borne routes via liquid processing waste). Risks posed by these activities deserve further investigation, and Cefas is currently collecting information which may be used in future risk assessments.
The results of this exercise have provided a generic risk ranking assessment for shellfish areas for the introduction and spread of an exotic pathogen. Clearly, pathogen-specific models could be readily achieved by re-assessment of the parameter and theme weights by experts for differences in exposure to the various risk pathways (including nonexotic pathogens). For example, for non-exotic pathogens, the relative weights for water and mechanical themes would be higher than that of an exotic model, as would parameter weights of transmission routes involving domestic live animal movements.
Risk ranking models of varying complexity are now being applied by most EU member states driven in part by the requirements of European legislation (e.g. EC Directive 2006/88). Although for some countries, aquatic animal disease surveillance is a low priority and not well resourced. A key constraint is that for many countries live fish movements (the most important risk route for disease spread) are not collected centrally which leads to a need for simple models (conclusion of an OIE workshop, Lisbon, April, 2013, E. J. Peeler pers. comm.). Volume of production (or size of the production area) could be used as a proxy for live animal movements, and distances, via sea, between shellfish farming areas can be measured on a map. These two factors alone could be used as a basis for risk ranking. Whilst this work was carried out with shellfish farming in England and Wales in mind, the approach used in this study and previous work (Oidtmann et al., 2011) , weighting themes and pathways within themes, can be adapted and applied to other countries. A key advantage is transparency, thus allowing factors that influence the score to be highlighted to farmers and others. EU legislation requires farms to be categorized as high, medium or low. Increasing complexity by considering a large number of low-risk routes of disease spread is unlikely to change the categorization of more than a few farms and therefore fails the efficacy criteria.
Guidance in EC legislation (2008/896/EC) was used to combine scores for disease introduction and spread using a simple matrix (Table 3) . Arguably, the scores could be combined by multiplication as spread is conditional on introduction, which would not alter the ranking of areas but would result in a greater spread of results. Depending on the purpose of surveillance, weighting introduction or spread may be justified.
In this study, we chose to use the clustered distribution of scores to determine thresholds between risk categories. Other approaches could be applied. All farms could be ranked based on their scores; the top and bottom quartiles or deciles making up the high-and low-risk farms, respectively. It is unlikely that there will be published data on which to weight risk themes and routes within themes, and thus, expert opinion is needed. Formal methods to elicit expert opinion have been developed and applied in aquatic animal health management (Gustafson et al., 2010; Peeler et al., 2011; Oidtmann et al., 2014b) . The parameterization of this model for England and Wales could be improved by a wide and more formal expert elicitation exercise. In addition to providing a basis for risk-based surveillance, risk ranking exercises provide the regulatory authorities with an opportunity to highlight biosecurity issues to farmers. The risk ranking model allows farmers to see what management changes can be made to their businesses to reduce their risks (the Cefas Fish Health Inspectorate have made a selfassessment model available to finfish farmers in England and Wales 3 ). Ideally, this would be carried out cooperatively at the level of the shellfish farming area and could support coordinated area-level management. In Scotland, area management plans have played an important role in control of pathogens and parasites of farmed salmon (Murray et al., 2010) .
Conclusions
This work describes a transparent and defensible approach to rank shellfish farming areas based on the risk of disease introduction and spread and thus supports risk-based surveillance. The brigading of routes of disease spread within themes provides a systematic approach to risk ranking farms or farming areas. The purpose of risk-based surveillance is to improve the efficiency of surveillance; with this in mind, we have applied the method using the data available for England and Wales. The method described in this study can be adapted to accommodate the data available to other territories.
